variety of oligonucleotides with a slight preference for a The only directly known biological function of T4 PNK 5Ј-terminal guanosine base [27]. Despite the tetrameric is related to the ability of T4 phage to overcome a suicide form of the enzyme, it does not display kinetic cooperadefense mechanism used by some strains of bacteria [7, tivity [24]. It has also been noted that N-protected deoxy-10]. In response to T4 infection, a latent tRNA anticodon
DNA ends to 5Ј-phosphate/3Ј-hydroxyl is a necessary These activities modify the ends of nicked tRNA generstep for the repair of DNA nicks and gaps that may be ated by a bacterial response to infection and facilitate introduced by ionizing radiation [18] , certain alkylating repair by T4 RNA ligase. DNA repair enzymes that agents, DNase II [19, 20] , and the enzymatic removal of share conserved motifs with PNK have been identified dead-end complexes of topoisomerase I generated by in eukaryotes. PNK contains two functionally distinct camptothecin inhibition [21] . Mammalian PNKs display structural domains and forms a homotetramer. The the bifunctionality of T4 PNK, but differ in specificity.
C-terminal phosphatase domain is homologous to the
While T4 PNK has a decreased activity against both L-2-haloacid dehalogenase family and the N-terminal recessed 5Ј ends and nicks in double-stranded DNA kinase domain is homologous to adenylate kinase. The [22] , mammalian PNKs show no preference for 5Ј overactive sites have been characterized through struchanging termini and are active against gaps and nicks, tural homology analyses and visualization of bound which further implicates them in DNA repair pathways substrate.
[23]. Mammalian PNKs have been identified that are DNA specific while others have a preference for RNA Introduction
[16]. Sequence alignments of H. sapiens, C. elegans, and S. pombe PNK enzymes reveal that T4 and mammalian enzymes share two active site motifs: the ATP binding T4 polynucleotide kinase (PNK) was initially discovered P loop motif which defines a kinase active site and a in protein extracts of Escherichia coli bacteria infected short motif (DxDxT) associated with a family of phosphawith T-even phage [1-3]. In the 37 years since, the entase domains characterized by l-2-haloacid dehalogezyme has become a standard reagent for the manipulanase (HAD) . Acceptable substrates include mechanism [24] and that phosphoryl transfer results in double-and single-stranded DNA, RNA, and individual an inversion of configuration at the phosphorus atom 3Ј-phosphate nucleotide bases. PNK also possesses a [25] . Furthermore, the kinase reaction is reversible. For 3Ј-phosphatase activity that is independent of ATP [7, example, the ATP analog ␤,␥-imidoadenylyl 5Ј-triphos-9] and has been reported to hydrolyze 2Ј,3Ј-cyclic phosphate acts as an inhibitor to the forward reaction, but phodiesters [10] . Each catalytic activity is dependent on was able to replace ATP in the reverse reaction to genermagnesium as a cofactor. The pseT gene was cloned ate ␤,␥-imidoadenylyl 5Ј-tetraphosphate [26] . While the and sequenced [11] , which facilitated both the use of minimal phosphorylation substrates are 3Ј nucleotide recombinant PNK as a reagent and the biochemical monophosphates, T4 PNK is able to phosphorylate a study of PNK itself.
variety of oligonucleotides with a slight preference for a The only directly known biological function of T4 PNK 5Ј-terminal guanosine base [27] . Despite the tetrameric is related to the ability of T4 phage to overcome a suicide form of the enzyme, it does not display kinetic cooperadefense mechanism used by some strains of bacteria [7, tivity [24] . It has also been noted that N-protected deoxy-10]. In response to T4 infection, a latent tRNA anticodon oligonucleotides do not interfere with kinase activity [28] superfamily of phosphotransferases [32] . The structure of T4 PNK represents the second structure of a bifunctional kinase/phosphatase enzyme. The first structure is that of the dimeric 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK/FBP) [33]. This enzyme plays an indirect role in the regulation of glucose metabolism. The N-terminal kinase domain of PFK/FBP also shares sequence (and structural) homology with adenylate kinases, whereas the C-terminal phosphatase domain belongs to the phosphoglycerate mutase and acid phosphatase enzyme families. Both of these families have similar topologies to the haloacid dehalogenase (HAD) family, but have a catalytic histidine instead of an aspartic acid [33] . The presence of two catalytic functions in one polypeptide chain usually indicates a functional linkage. For T4 PNK and the multifunctional eukaryotic polynucleotide kinases, the covalent linkage of catalytic activities surely exists due to the requirement for coupled kinase and phosphatase activities in the repair of RNA and DNA lesions.
We have solved the structure of the intact T4 PNK tetramer and find that the tetramer is created through two N-terminal/N-terminal domain interfaces and two C-terminal/C-terminal domain interfaces. The kinase domain belongs to the adenylate kinase family of enzymes and is observed with a bound ADP molecule in the active site. The phosphatase domain belongs to a family of enzymes characterized by l-2-haloacid dehalogenase and its active site is analyzed through homology modeling. Last, a tRNA binding mode is proposed in which the termini of nicked tRNA are bound in both the kinase and phosphatase active site simultaneously, anomalous dispersion (SAD) method at 2.3 Å resolution. allowing the enzyme to make both modifications within The structure was refined to an R work /R free of 0.236/0.261 the same substrate binding event.
with good geometry and an average protein B factor of 36.5 Å 2 (Table 1 and have revealed a subset of residues that appear critical to the kinase activity (K15, S16, D35, R38, and R126) [32] . These five mutants all map to the tunnel region Substrate Binding Modes and Substrate Specificities of ADK Family Members (Figure 3, right) and their specific roles in the catalytic mechanism of phosphoryl transfer can be described. The substrate profiles of PNK and ADK, as well as additional kinase family members, can be explained by their K15 is one of the defining residues in the P loop motif and it is thought to be important for the structure of this compared structures. The bound ADP molecule observed in the active site of the kinase domain is bound motif because of its strict conservation [42] . It interacts with the ␤-phosphate of the bound ADP and with the in the same conformation as other P loop-bound nucleotides. The P loop is a phosphate binding motif with modeled position of both the ATP ␥-phosphate and the 3Ј-AMP 5Ј-hydroxyl. S16 is also a part of the P loop well-conserved sequence and structure [42] . It has the consensus sequence (A/G)-X 4 -G-K-(G/S/T) and is known structure, as both the backbone amide of S16 and the side chain hydroxyl contact the ␤-phosphate of the to occur in adenylate kinases, ras proteins, elongation factors, ATP synthase ␤ subunits, myosin heavy chains, bound ADP. Interestingly, this position in the motif is not as conserved as the preceding lysine. ADK has a thymidine kinases, and phosphoglycerate kinases. The observed binding mode of ADP confirms that, as in other glycine in this position and other P loop proteins have a threonine (myosin heavy chains and ATP synthase ␤ P loop structures, it is recognized and bound mostly through interactions of the protein with the phosphate subunits). Fitting with the apparent role of S16, kinase activity is maintained by PNK with the S16T mutation oxygens. This mode fits well with the observation that PNK is able to use any nucleotide triphosphate as the [32] . R126 also contacts the diphosphate group of ADP, is conserved in ADK (R123), and is a lysine (K172) in binding as they are positioned in the entrance to the active site cleft and replacement of R279 with alanine PFK/FBP. Therefore, K15A, S16A, and R126A mutations partially reduces activity. The partially reduced activity are deficient in kinase activity because they disrupt the of R246A involves another arginine residue that contacts ATP binding site of PNK. D35 is observed in two confor-D254 on the opposite side from R279 (3.0 and 3.2 Å ) mations as described above and is located on the AMP and is again likely to be important for substrate binding. side of the tunnel. In one conformation it forms a salt D278 is located in close proximity to the modeled magbridge with R38, which contacts the 3Ј-phosphate of nesium ion and would therefore be important for metal 3Ј-AMP in our model, so one possible role for D35 is that binding. The fact that D278E is partially active is consisit simply helps to position R38 for phosphate binding. tent with this role. Out of the 6 identified residues, R176 However, R38 is also positioned by a salt bridge with is the furthest away from the phosphate binding center E47, and so a D35A mutation might not be expected to (11.0 Å ) and does not contribute in any clear way to the ablate kinase activity if this were its main function. D35 active site. is unique in that it is the one acidic residue that is found The 2Ј,3Ј-cyclic phosphodiesterase activity must also near the active site of the kinase domain. Since the reside in the phosphatase domain active site, but there kinase activity is dependent on magnesium, a more likely is a dearth of data on this activity. Future experiments function of D35 is metal binding. In its alternate conforinvolving cocrystal structures with the various submation, it is well positioned for this role, as its delta strates of both domains along with bound magnesium oxygens are 3.7 and 4.0 Å away from the modeled position ions should clarify the relationship of this activity to the of the 5Ј-hydroxyl of 3Ј-AMP and pointing in the right 3Ј-phosphatase activity. direction to bind a metal ion that would bridge the gap between the 5Ј-hydroxyl and the ␥-phosphate of ATP.
Biological Implications
The structure of T4 PNK is the first structure of a bifuncPhosphatase Domain Active Site Structure tional RNA repair enzyme. The enzyme has both 5Ј-Correlates with Mutational Analyses kinase and 3Ј-phosphatase activities and, in conjunction Alanine scanning mutagenesis experiments on PNK with T4 RNA ligase, is able to repair lesions introduced in have also been performed on the C-terminal phosphatRNA by a bacterial response to infection. The structure tase domain and have yielded a set of 6 residues that verifies that the kinase and phosphatase activities reside are critical for activity (D165, D167, R176, R213, D254, in structurally distinct domains that are members of the and D278) and a set of 2 residues that partially reduce adenylate kinase family and the l-2-haloacid dehalogenactivity (R246 and R279) [ 
